Abstract. In this study, 0.45 mM yttrium 4-nitrocinnamate (Y(4NO 2 Cin) 3 ) embedded in various aqueous chloride solutions, which has been studied as a possible localized corrosion inhibition system using electrochemical techniques and surface analysis. Furthermore, a wire-beam electrode (WBE) exposed to NaCl solutions containing Y(4NO 2 Cin) 3 compound. The results indicated the possible application of a WBE in simulating and monitoring the localized corrosion inhibition. Moreover, Y(4NO 2 Cin) 3 compound showed an excellent localized corrosion inhibition at 0.01 M due to high inhibition performance and good protective film formation. It also indicated that addition of 0.45 mM Y(4NO 2 Cin) 3 compound increased the localized corrosion inhibition with a decrease of the Cl¯ ion concentration in the investigated solutions. A new method of localized corrosion inhibition estimation has been developed using a WBE which shows a consistent result with electrochemical and surface analysis data. In addition, other electrochemical techniques and surface analysis are also used for not only ensuring but also confirming the localized corrosion inhibition.
INTRODUCTION
Mild steel is most widely used in various industrial applications such as oil and gas, chemical plants and water treatment due to the low cost and high strength [1] . However, in case of practical applications, it is totally a different scenario which should face a poor corrosion resistance in all kinds of aggressive environments such as industrial cleaning, acid corrosion in the acid picking processes, acid rain, and oil well acidification, as well as ocean environment [2, 3] . Therefore, many attempts have been recommended for mitigating the steel corrosion using the control of its microstructure [4] , coatings [5] , surface treatments [6] , adding certain alloying elements [7] , and self-assembly of organic molecules on a solid surface or at the solid-liquid interface [8] , as well as the corrosion inhibitors [9] [10] [11] [12] [13] . Among these methods, addition of corrosion inhibitor to the environment has been tremendously used as the ideal way for improving corrosion resistance of steel due to the cost savings, easy to use, and not interrupting any processes. Consequently, many studies have been investigated the corrosion inhibitions and its mechanism in steels [9] [10] [11] [12] [13] . Chromates and molybdates are widely used as corrosion inhibitors due to the effective corrosion protection. However, they pollute the environment and are also hazardous to human health and might cause cancer, particularly chromate-based inhibitors [14, 15] . Therefore, it needs more effective inhibitors, which is environmentally friendly and ecologically acceptable, arising the requirement to develop the new generation corrosion inhibitors which can be suitably used in combating corrosion and replace chromate and molybdate technologies. Imidazoline and its derivatives have been typically recommended as the suitable candidates for replacing chromate and molybdate technologies due to their high effective corrosion inhibition. However, the localized corrosion inhibition of these compounds is still questionable, since a small number of minor anodes and major cathodes have been formed on the steel surfaces immersed in inhibited systems containing these compounds, resulting in the localized corrosion [16] . Thus, the localized corrosion inhibition systems need to be developed further, more efficiently, and environmentally friendly.
Currently, our work is on rare earth organic compounds, some of which have been shown the superior protective corrosion of steel over a longer period. We have recently developed the new yttrium 4-nitrocinnamate -Y(4NO 2 Cin) 3 -to replace chromate, molybdate, imidazoline and its derivative technologies [17] [18] [19] . While corrosion inhibition itself is not new, there has been little study on inhibitor properties using new electrochemical techniques such as the wire beam electrode to measure and evaluate the information regarding localized corrosion inhibition. Understanding and managing localized corrosion will be critical to improve the lifetime of steel in the aggressive environments. Therefore, this work further extends the study of the corrosion and localized corrosion inhibition mechanism by which the Y(4NO 2 Cin) 3 compound mitigates steel corrosion and localized corrosion [17] . A combination of aggressive environments dependent potentiodynamic polarization (PD), electrochemical impedance spectroscopy (EIS), and wire beam electrode (WBE) has been utilized to correlate the inhibition performance response with the surface characterizations.
EXPERIMENTAL
The details of the synthesis and characterization of Y(4NO 2 Cin) 3 compound as an investigated corrosion inhibitor in this study can be found in the previous publication [17, 20] . 0.45 mM Y(4-NO 2 Cin) 3 was added to 0.01, 0.10, and 0.60 M NaCl solutions in distilled water using reagent grade sodium chloride purchased from Sigma Aldrich with 12 hours of stirring. The steel used as working electrodes and coupons were fabricated from sheet as 1 cm × 1 cm × 0.3 cm for the electrochemical measurements and surface analysis. The exposed area of these specimens was 1 cm 2 and was finished by grinding with 1200-grit silicon carbide paper. Three electrode system including a steel specimen, a titanium, and a saturated calomel electrode as the working, counter, and reference electrodes was used for electrochemical measurements. After immersion of the sample for 10 h in the naturally-aerated solution with and without inhibitor addition, the EIS and PD were performed using a VSP system with a commercial software program for AC measurements. The frequency of EIS tests ranged from 10 kHz to 10 mHz using the 10 mV of peak to peak amplitude of the sinusoidal perturbation. Potentiodynamic polarization tests were carried out at a rate of 0.166 mV/s ranging from an initial potential of -250 mV vs. E corr to 0 mV SCE of anodic potential. The WBE was made from one hundred identical steel wires embedded in epoxy resin, insulated from each other with a thin epoxy layer for investigating the trend of localized corrosion and inhibition of steel in the investigated solutions. The diameter of each wire is 0.19 cm and acted as a sensor and simulated as a corrosion substrate. The WBE surface was ground by 100, 600, and 1200-grit silicon carbide papers, then rinsed with deionized water and ethanol before being performed in three liters of solution. Y(4NO 2 Cin) 3 compound was injected into the testing cell after a 30 min period of initial corrosion testing and measured after 10 h of immersion time. The mapping galvanic currents between a chosen wire and all the other wires sorted together using a pre-programmed Auto switch device and an ACM Auto ZRA indicated the corrosion processes. The galvanic current data were performed and characterized using procedures like that described in a previous publication [17] . To investigate the relationship between the electrochemical properties and surface morphology, the specimens were examined by scanning electron microscopy (SEM) and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Alpha-FTIR spectrometer) after immersion for 10 h in solutions at room temperature. The results clearly show that the impedance value increased with a decrease in NaCl concentration. Whereas, solution resistance decreased with a decrease in NaCl concentration, indicating that NaCl could decrease the resistance of the solution. In addition, the radius and the size of the capacitive loops were much changed with chloride-contained solutions, indicating that the electrochemical behavior of mild steel has been strongly affected by Cl¯ concentration. The equivalent electrical circuits were shown in Fig. 2(d) and were employed to fit the EIS of the mild steel in solution containing different Cl¯ concentration. The equivalent circuit used to fit the EIS data displaying two capacitive loops for all specimens. The changes of the impedance spectra in both size and shape effects with the Cl¯ concentration including the decrease in the capacitive loop in size, showed that the rust layer formed on the steel surface destroyed under the Cl¯ erosion. Figure 2 (a-c) shows the EIS results in the Nyquist and Bode formats obtained from the mild steel immersed in different NaCl concentration solutions containing 0.45 mM Y(4NO 2 Cin) 3 after 10 h of immersion time. The results indicated that the diameter of the semicircular was increased and an improvement of a more capacitive surface film has also observed when Y(4NO 2 Cin) 3 compound was added to the NaCl solutions, indicating the formation of the protective layer. Furthermore, the impedance and phase angles increased with adding Y(4NO 2 Cin) 3 compound to solution and decreased with Cl¯ containing solution due to the formation of surface film. This indicates that the addition of an amount of Y(4NO 2 Cin) 3 compound improves protective film formation on the steel surface. Combination the EIS data with surface analysis including SEM and ATR-FTIR, the equivalent circuit in Figure 2 (d) was recommended for fitting the EIS data using the Zsimpwin program. This equivalent circuit includes the solution resistance (R s ) of the test electrolyte between the working electrode and the reference electrode, the constant phase element CPE film of the protective film/electrolyte interface, the protective film resistance R film of the protective film formed on the steel surface, and the charge transfer resistance R ct of the substrate/protective film (or rust) interface. The electrochemical information after fitting was given in Table 1 . A significant decrease in solution resistance was obtained when NaCl concentration increased, whereas rust and charge transfer resistance strongly decreased with an increase in NaCl concentration. These values increased with a decrease in NaCl concentration, indicating the compact protective film formed on the steel surface. It also shows that the protective and double layer capacitances decreased when Y(4NO 2 Cin) 3 compound was added to solutions and these values decreased with a decrease in Y(4NO 2 Cin) 3 compound concentrations, indicating a more capacitive surface film. A better coverage of the surface has been reached, when Y(4NO 2 Cin) 3 compound was added to solution containing lower NaCl concentration due to an increase in film and charge transfer resistances and a reduction of the protective and double layer capacitances. 3 , the inhibitor significantly influenced both the anodic and cathodic branches. Additionally, the cathodic curves indicating diffusion-limited oxygen reduction regimes were also obtained. Figure 3(c) indicates the corrosion rates determined from potentiodynamic polarization curves in Fig. 3(a and b) . Corrosion rate decreased significantly when 0.45 mM Y(4NO 2 Cin) 3 was added to solutions. In addition, increasing Cl -ion concentration increased corrosion rate of steel in both solutions without and with 0.45 mM Y(4NO 2 Cin) 3 addition. The corrosion rates are calculated from the corrosion current density, based on Faraday's law [22] :
RESULTS AND DISCUSSION
where 3.16 × 10 8 is the metric and time conversion factor, i corr the corrosion current density (A/cm 2 ), M is the molar mass of the metal (g/mole), z is the number of electrons transferred per metal atom, F is Faraday's constant, and ρ is the density (g/cm 3 ). Galvanic current as a local electrochemical parameter was determined using a wire beam electrode in NaCl solution and 0.45 mM Y(4NO 2 Cin) 3 solutions containing different NaCl concentrations as shown in Fig. 4 . The results indicated that the galvanic current distribution maps of WBE surfaces immersed in different NaCl concentration solutions without Y(4NO 2 Cin) 3 addition in Fig. 4(a-c) showed severe corrosion due to a formation of a small number of minor anodes and major cathodes, resulting in localized corrosion. Highest corrosion could be happened at the maximum anodic current density due to a dissolution of the most active anode. The huge positive current density results in more electrons moving out from the most active anode to cathodic positions when NaCl concentration increases. Thus, pitting corrosion increased with an increase in NaCl concentration in the investigated solution. This agrees with the high rate of corrosion and pitting observed in polarization and EIS results as well as SEM results described below. Interestingly, random distribution of minor anodes and major cathodes on the WBE surface was performed when 0.45 mM Y(4NO 2 Cin) 3 was added to solutions even with higher NaCl concentration, resulting in the degradation of small anode and large cathode phenomenon as shown in Fig. 4(d-f) . Therefore, 0.45 mM Y(4NO 2 Cin) 3 addition promotes uniform corrosion rather than localized corrosion for steel in NaCl solutions. Figure 5 (a-c) represents the SEM images of steel surfaces after 10 hour-immersion in different NaCl concentration solutions. It is indicated that a significant difference of surface morphologies was observed on steel surface due to the pitting corrosion. An increase in NaCl concentration was accelerated by severe corrosion due to the inward penetration of Cl¯, resulting in not only pitting corrosion but also severe corrosion attacking outside the pit when NaCl concentration increased. However, no pitting was observed on the steel surface immersed in solutions containing 0.45 mM Y(4NO 2 Cin) 3 as shown in Fig. 5(d-f) . It is suggested that Y(4NO 2 Cin) 3 addition inhibited the localized corrosion of steel in NaCl solutions. The results in Fig. 5(d-f) also indicated that an increase of NaCl concentration in 0.45 mM Y(4NO 2 Cin) 3 solution increased the rough level of the steel surface due to a more aggressive environment, resulting in lower inhibition efficiency obtained from electrochemical results. 3 [17, 20] . Figure 6(b) indicates ATR-FTIR spectra of the steel surfaces after 10-hour immersion in 0.45 mM Y(4NO 2 Cin) 3 solutions containing 0.01, 0.10, and 0.60 M NaCl, respectively. The main peaks were observed around 1651 and 1643 cm -1 attributed to C=C ring from propenyl group. The ν as (CO 2 ) and ν s (CO 2 ) absorptions could be assigned around 1553 and 1420 cm -1 . Particularly, the ν as (NO 2 ) and ν s (NO 2 ) absorptions assigned to the peaks around 1553 and 1420 cm -1 . The absorption peak intensities of the C=C, ν(CO 2 ), and ν(NO 2 ) absorptions on the steel surface increase with a decrease in NaCl concentration, indicating the formation of a mixed metal 4-nitrocinnamate species on the steel surface. These phenomena are attributed to the presence of the mixed metal 4-nitrocinnamate species in the protective film on the steel surface, acting as barrier layer to mitigate the general and localized corrosions. Therefore, the interaction of hydrated iron oxide/hydroxide with 4-nitrocinnamate and yttrium oxide/hydroxide precipitation on the steel surface promoted the formation of an adherent, continuous protective layer, resulting in general and localized corrosion inhibition [17] [18] [19] . 
CONCLUSIONS
This paper mainly reports the advantage of the Y(4NO 2 Cin) 3 compound to perform highly efficient inhibitor suitable for mitigating corrosion and localized corrosion of mild steel in an aggressive chloride environment. The results indicated that corrosion rate of mild steel increased with an increase in Cl¯ ion in aggressive solutions due to lower corrosion current density, corrosion product and charge transfer resistances, as well as higher pitting corrosion. Fortunately, the severe corrosion has been prevented by the addition of Y(4NO 2 Cin) 3 compound to the aggressive chloride solutions due to the formation of an evidence protective film via the bonding on the Y(4NO 2 Cin) 3 molecules onto the mild steel surface. The Y(4NO 2 Cin) 3 compound showed an increased inhibition performance for mild steel in aggressive solution containing lower Cl¯ ion concentration due to the formation of a protective film layer on the mild steel surface. Surface analysis also indicated that the formation of bimetallic and 4-nitrocinnamate compounds as a barrier layer on the steel surface because of cooperative adsorption of ionic species with chemisorbed molecular NO 2¯ and COO¯, as well as Y 3+ hydrolysis on the neighboring adsorption sites for the mild steel immersed in solution containing lower Cl¯ ion concentration. Furthermore, EIS showed that Y(4NO 2 Cin) 3 compound added to solution increased the protective and charge transfer resistances with a decrease in Cl¯ ion concentration in the investigated solutions. Interestingly, the WBE results indicated that the Y(4NO 2 Cin) 3 compound promoted uniform corrosion rather than localized corrosion, suggesting localized corrosion inhibition, which plays a very important role in corrosion protection. In addition, the study also suggested that an excellent agreement was observed among the surface analysis, electrochemical and WBE results for evaluating the performance of corrosion and localized corrosion inhibition.
